The blood-brain barrier (BBB) is comprised of specialized endothelial cells that form the capillary microvasculature of the CNS and is essential for brain function. It also poses the greatest impediment in the treatment of many CNS diseases because it commonly blocks entry of therapeutic compounds. Here we report that adenosine receptor (AR) signaling modulates BBB permeability in vivo. A 1 and A 2A AR activation facilitated the entry of intravenously administered macromolecules, including large dextrans and antibodies to ␤-amyloid, into murine brains. Additionally, treatment with an FDA-approved selective A 2A agonist, Lexiscan, also increased BBB permeability in murine models. These changes in BBB permeability are dose-dependent and temporally discrete. Transgenic mice lacking A 1 or A 2A ARs showed diminished dextran entry into the brain after AR agonism. Following treatment with a broad-spectrum AR agonist, intravenously administered anti-␤-amyloid antibody was observed to enter the CNS and bind ␤-amyloid plaques in a transgenic mouse model of Alzheimer's disease (AD). Selective AR activation resulted in cellular changes in vitro including decreased transendothelial electrical resistance, increased actinomyosin stress fiber formation, and alterations in tight junction molecules. These results suggest that AR signaling can be used to modulate BBB permeability in vivo to facilitate the entry of potentially therapeutic compounds into the CNS. AR signaling at brain endothelial cells represents a novel endogenous mechanism of modulating BBB permeability. We anticipate these results will aid in drug design, drug delivery and treatment options for neurological diseases such as AD, Parkinson's disease, multiple sclerosis and cancers of the CNS.
Introduction
The blood-brain barrier (BBB) is comprised of brain endothelial cells (BECs), which form the lumen of the brain microvasculature (Abbott et al., 2010) . The barrier function is achieved through tight junctions between endothelial cells that regulate the extravasation of molecules and cells into and out of the CNS (Abbott et al., 2010) . Although the BBB serves to restrict the entry of potentially toxic substances into the CNS, it poses a tremendous hurdle to the delivery of therapeutic drugs into the CNS. It has been estimated that Ͼ98% of small-molecule drugs Ͻ500 Da in size do not cross the BBB (Pardridge, 2001 (Pardridge, , 2005 . Current approaches aimed at altering the BBB to permit the entry of therapeutics are either too invasive, too painful, can result in permanent brain damage or result in loss of drug efficacy (Hanig et al., 1972; Broadwell et al., 1982; Rapoport, 2001; Bidros and Vogelbaum, 2009; Hynynen, 2010) . There is a monumental need to modulate the BBB to facilitate the entry of therapeutic drugs into the CNS. Determining how to safely and effectively do this could greatly benefit a broad range of neurological diseases, such as Alzheimer's disease (AD), Parkinson's disease, multiple sclerosis, neurological manifestations of acquired immune deficiency syndrome (AIDS), CNS cancers, and many more. Promising therapies are available to treat some of these disorders, but their potential cannot be fully realized due to the tremendous impediment posed by a functional BBB. Here, we provide novel data demonstrating that signaling through receptors for the purine nucleoside adenosine acts as a potent, endogenous modulator of BBB permeability.
It is well established that adenosine has many diverse roles in mammalian physiology, including immunomodulatory roles regulating immune cell responses (Bours et al., 2006; Kobie et al., 2006; Deaglio et al., 2007) and roles in proper CNS functioning (Sebastião and Ribeiro, 2009; Stone et al., 2009 ). The first clues to adenosine's involvement in CNS barrier permeability came from our recent findings demonstrating that extracellular adenosine, produced by the catalytic action of CD73 (a 5Ј-ectonucleotidase) from AMP, promotes lymphocyte entry into the CNS in experimental autoimmune encephalomyelitis (EAE) (Mills et al., 2008) . These studies demonstrated that mice lacking CD73 (Thompson et al., 2004) , which are unable to produce extracellular adenosine, are protected from EAE and that blockade of the A 2A adenosine receptor (AR) inhibits T cell entry into the CNS (Mills et al., 2008) . These observations led us to hypothesize that modulation of AR signaling at BECs might modulate BBB permeability to facilitate the entry of molecules and cells into the CNS. Indeed, our results suggest that AR signaling represents a novel, endogenous modulator of BBB permeability.
Materials and Methods
Mouse and rat models. C57BL/6 mice (Jackson Laboratories) were used as WT. A 1 Ϫ/Ϫ AR mice were a gift from Dr. Jurgen Schnermann (NIH/NIDDK, Bethesda, MD) (Sun et al., 2001) . A 2A Ϫ/Ϫ AR were a gift from Dr. Jiang-Fan Chen (Boston University School of Medicine, Boston, MA) (Chen et al., 1999) . The transgenic AD mice [B6.CgTg(APPswe,PSEN1dE9)85Dbo/J] were a gift from Dr. Chris Schaffer (Cornell University, Ithaca, NY) (Jankowsky et al., 2004) . Typically, mice were aged 7-9 weeks and weighed between 20 and 25 g. Sprague Dawley rats (Charles River Laboratories) were female, aged 8 weeks and weighed 200 -220 g. Animals were bred and housed under specific pathogen-free conditions at Cornell University, Ithaca, NY. All procedures were done in accordance with approved Institutional Animal Care and Use Committee protocols.
Administration of drugs and tissue collection.
benzenepropanoic acid), and SCH 58261 (5-amino-7(phenylethyl)-2-(2-furyl)-pyrazolo[4,3-e]-1,2,4-triazolo[1,5-c]-pyrimidine) (Tocris Bioscience) were each dissolved in DMSO then diluted in PBS to the desired concentration; in most cases final DMSO concentrations were Ͻ0.5% (v/v). Lexiscan (regadenoson; Toronto Research Chemicals) was dissolved in PBS. For vehicle controls, DMSO was diluted in PBS to the same concentration. Dextrans labeled with either FITC or Texas Red (Invitrogen) were suspended in PBS to 10 mg/ml. Experiments involving dextran injection used 1.0 mg of dextran in PBS. When drug and dextran were injected concomitantly, 1.0 mg of dextran was mixed with the drug to the desired concentration in a final volume of 200 l. All injections except injections of SCH 58261 were retro-orbital intravenous. Lexiscan was administered intravenously with 3 injections, 5 min apart, and tissues were collected at 15 min unless otherwise indicated. In dose-response experiments, drugs and dextrans were injected concomitantly. SCH 58261 injections, 1 mg/kg, were intraperitoneal and mice were predosed with this concentration daily for 4 d before the day of the experiment. An additional injection was administered at the time of the experiment. At indicated times mice were anesthetized and perfused with cold PBS through the left ventricle of the heart. Brains were weighed and frozen for later analysis.
Fluorimetric analysis. Tris-Cl, 50 mM, pH 7.6, was added to brains (100 l per 100 mg brain). Brains were homogenized with a Dounce homogenizer and centrifuged at 16.1 ϫ g for 30 min. Supernatants were transferred to new tubes and an equal volume absolute methanol was added. Samples were centrifuged at 16.1 ϫ g for 30 min. Supernatant (200 l) was transferred to a Corning Costar 96 well black polystyrene assay plate (clear bottom). A series of standards containing 0.001-10 g/ml dextran in 50% Tris-Cl/50% absolute methanol (v/v) was added to each plate. Absolute concentrations of dextrans were derived from these standard curves. Fluorimetric analysis was performed on a BioTek Synergy 4. Primary brain endothelial cell isolation. This method has been adapted from previously described techniques (Song and Pachter, 2003) . Briefly, 12-week-old C57BL/6 mice were killed and decapitated. Dissected brains were freed from the cerebellum and large surface vessels were removed by carefully rolling the brains on sterile Whatman paper. The tissue was then homogenized in a Dounce homogenizer in ice-cold DMEM-F12 medium, supplemented with L-glutamine and Pen/Strep, and the resulting homogenate was centrifuged at 3800 ϫ g, 4°C for 5 min. After discarding the supernatant, the pellet was resuspended in 18% (w/v) dextran in PBS solution, vigorously mixed, and centrifuged at 10,000 ϫ g, 4°C for 10 min. The foamy myelin layer was carefully removed with the dextran supernatant by gentle aspiration. The pellet was resuspended in prewarmed (37°C) digestion medium (DMEM supplemented with 1 mg/ml collagenase/dispase, 40 g/ml DNase I, and 0.147 g/ml of the protease inhibitor tosyllysine chloromethyl ketone) and incubated at 37°C for 75 min with occasional agitation. The suspension was centrifuged at 3800 ϫ g. The supernatant was discarded; the pellet was resuspended in prewarmed (37°C) PBS and centrifuged at 3800 ϫ g. The pellet was suspended in full medium (DMEM-F12 medium containing 10% plasma-derived serum, L-glutamine, 1% antibiotic-antimycotic, 100 mg/ml heparin, and 100 mg/ml endothelial cell growth supplement). The resulting capillary fragments were plated onto tissue culture dishes coated with murine collagen IV (50 g/ml) at a density corresponding to one brain per 9.5 cm 2 . Medium was exchanged after 24 and 48 h. Puromycin (8 g/ml) was added to the medium for the first 2 d. Before analysis, the primary mouse brain endothelial cells were grown until the culture reached complete confluence after 5-7 d in vitro.
Cell culture and quantitative reverse transcription PCR. Bend.3 mouse BECs (ATCC) were grown in ATCC-formulated DMEM supplemented with 10% FBS. Using TRIzol (Invitrogen), RNA was isolated. cDNA was synthesized using Multiscribe reverse transcriptase (Applied Biosystems). Primers (available upon request) for ARs and CD73 were used to determine gene expression and standardized to TBP gene levels using Kapa Sybr Fast (Kapa Biosystems) run on a Bio-Rad CFX96 real-time quantitative PCR (qPCR) system. Melt curve analyses were performed to measure the specificity for each qPCR product.
Adenosine receptor Western blotting and immunofluorescent analysis. Primary mouse brain endothelial cells and Bend.3 cell cultures were grown as described above. Cells were lysed with 1 ml of lysis buffer containing protease inhibitor and condensed with TCA solution up to 200 l. Samples were run on a 12% SDS-PAGE and transferred to nitrocellulose paper. Membranes were blocked with 1% polyvinyl pyrrolidone and incubated with anti-A 1 AR (AAR-006) and -A 2A AR (AAR-002) primary antibodies (Alomone Labs) overnight. The membranes were washed and then incubated with goat anti-rabbit HRP. Membranes were washed thoroughly and developed with ECL solution and exposed to x-ray film. For adenosine receptor immunostaining, anesthetized mice were perfused with PBS and brains were isolated and snap frozen in Tissue Tek-OCT medium. Sections (5 m; brains in a sagittal orientation) were affixed to Superfrost/Plus slides (Fisher Scientific), fixed in acetone, and stored at Ϫ80°C. Slides were thawed, washed in PBS, blocked with casein (Vector Laboratories) in normal goat serum (Zymed), and then incubated with anti-CD31 (MEC 13.3, BD Biosciences) and anti-A 1 AR (A4104, Sigma) or anti-A 2A AR (AAR-002, Alomone Labs). Slides were then incubated with goat anti-rat Ig Alexa Fluor 488 (Invitrogen) and goat anti-rabbit Ig Texas Red-X (Invitrogen). Sections were mounted with Vectashield mounting medium with DAPI (Vector Laboratories). Images were obtained on a Zeiss Axio Imager M1 fluorescent microscope.
Fluorescence in situ hybridization. For detection of adenosine receptor mRNA in brain endothelium, we performed fluorescence in situ hybridization (FISH) using FITC-labeled CD31 and either biotin-labeled A 1 or A 2A DNA oligonucleotide probes (Integrated DNA Technologies, probe sequences available upon request). Anesthetized mice were perfused with PBS and brains were isolated and snap frozen in Tissue Tek-OCT medium. Twelve micrometer cryosections were mounted on Superfrost/ Plus slides (Fisher Scientific). After air drying on the slides for 30 min, the tissue was fixed in 4% neutral buffered PFA for 20 min and rinsed for 3 min in 1ϫ PBS. Next, the tissue was equilibrated briefly in 0.1 M triethanolamine and acetylated for 10 min in 0.1 M triethanolamine with 0.25% acetic anhydride. Immediately following acetylation, the sections were dehydrated through an ascending ethanol series, and stored at room temperature. The tissue was rehydrated for 2 ϫ 15 min in PBS, and equilibrated for 15 min in 5ϫ SSC (0.75 M NaCl, 0.075 M Na-citrate). The sections were then prehybridized for 1 h at 42°C in hybridization buffer (50% deionized formamide, 4ϫ SSC, 40 g/ml salmon sperm DNA, 20% (w/v) dextran sulfate, 1ϫ Denhardt's solution). The probes (300 ng/ml) were denatured for 3 min at 80°C and added to the prewarmed (42°C) buffer (hybridization mix). The hybridization reaction was performed at 42°C for 38 h with 250 l of hybridization mix on each slide, covered with Parafilm. Prehybridization and hybridization were performed in a black box saturated with a 4ϫ SSC-50% formamide solution to avoid evaporation and photobleaching of FITC. After incubation, the sections were washed for 30 min in 2ϫ SSC (room temperature), 15 min in 2ϫ SSC (65°C), 15 min in 0.2ϫ SSC, 0.1% SDS (65°C), and equilibrated for 5 min in PBS. For detection of the biotin-probes, sections were incubated for 30 min at room temperature with Texas Red X-conjugated streptavidin (Invitrogen, S6370, 1 g/ml) in PBS containing 1ϫ casein (Vector Laboratories). Excess streptavidin was removed by 15 min in PBS, followed by 15 min in 0.2ϫ SSC, 0.1% SDS (65°C), and 15 min in PBS washes.
Sections were coverslipped with Vectashield mounting medium with DAPI (Vector Laboratories). Images were acquired using a Zeiss Axio Imager M1 fluorescent microscope.
Injection of anti-␤-amyloid antibodies and immunofluorescent microscopy. WT and transgenic (AD) mice were given 0.08 mg/kg NECA (i.v.). After 3 h, 400 g of antibody to ␤-amyloid (200 l of 2 mg/ml; clone 6E10, Covance) was administered intravenously and the mice rested for 90 min. Mice were anesthetized and perfused (as described above) and brains were placed in OTC and flash-frozen for sectioning. Sagittal sections (6 m) were fixed in acetone, washed in PBS, blocked with casein and incubated with goat anti-mouse Ig Cy5 (Abcam), and then washed with PBS. Sections were mounted with Vectashield Hardset mounting medium with DAPI (Vector Laboratories). Images were obtained on a Zeiss Axio Imager M1 fluorescent microscope.
Transendothelial cell electrical resistance assays. Bend.3 cells were grown in ATCC-formulated DMEM supplemented with 10% FBS on 24-well Transwell inserts, 8 m pore size (BD Falcon, BD Biosciences) until a monolayer was established. Transendothelial cell electrical resistance (TEER) was assessed using a Voltohmmeter (EVOMX, World Precision Instruments). Background resistance from unseeded Transwells was subtracted from recorded values to determine absolute TEER values. Change in absolute TEER from time 0 (t 0 ) for each individual Transwell was expressed as percentage change and then averaged for each treatment group.
F-actin staining of endothelial cells. Bend.3 cells were grown (as described above) on circular coverslips in 24-well plates. Cells were treated for 3 or 30 min with 1 M CCPA, 1 M Lexiscan, DMSO or media alone. Coverslips were washed with PBS, fixed in 4% paraformaldehyde, washed again in PBS and then permeabilized with 0.5% Triton X-100 in PBS. After washing in PBS/1% BSA, coverslips were blocked with 1% BSA then stained with phalloidin-Alexa Fluor 568. Coverslips were washed and mounted on slides with ProlongGold containing DAPI (Invitrogen). Images were obtained on an Olympus BX51 fluorescent microscope.
Albumin uptake assay. Bend.3 cells grown on collagen-coated coverslips were incubated with albumin-Alexa Fluor 594 (50 mg/ml) (Invitrogen) and either medium alone, DMSO vehicle, NECA (1 M), or Lexiscan (1 M) for 30 min. Albumin uptake was visualized (albumin ϭ red) using the Zeiss Axio Imager M1 fluorescent microscope. Total albumin fluorescence was recorded using Zeiss AxioVision software, and measured using ImageJ (NIH) software.
Tight junction molecule staining. Bend.3 cells grown on collagencoated coverslips were incubated with DMSO vehicle, NECA (1 M), or Lexiscan (1 M) for 1 h. Cells were washed with PBS, fixed with 4% paraformaldehyde, and permeabilized with 0.5% Triton-X in PBS. Cells were blocked with PBS/BSA/goat serum and then stained with antibodies (Invitrogen) against either ZO-1 (1A12), Claudin-5 (34-1600), or Occludin (3F10). Following a wash step, cells were incubated with either goat anti-rabbit Ig Texas Red-X or goat anti-mouse Ig Cy5 (Invitrogen). Coverslips were washed and mounted on slides with ProlongGold containing DAPI. Images were obtained on a Zeiss Axio Imager M1 fluorescent microscope.
Statistical analyses. Statistical differences, assessed using the Student's t test, are indicated where p Յ 0.05.
Results
The broad-spectrum AR agonist NECA increases BBB permeability to macromolecules We established that intravenous administration of NECA, which activates all ARs (A 1 , A 2A , A 2B , A 3 ), resulted in a dose-dependent increase in extravasation of intravenously administered fluorescently labeled dextrans into the CNS of mice (Fig. 1) . Importantly, varying the dose of NECA resulted in dose-dependent increases in CNS entry of both 10 kDa dextrans (Fig. 1 A) and 70 kDa dextrans (Fig. 1 B) compared with treatment of vehicle alone. Maximum entry of dextrans into the CNS occurred with 0.08 mg/kg NECA. Higher concentrations of NECA had no additional effect or show diminished efficacy, possibly due to receptor desensitization (Ferguson et al., 2000) . These results demonstrate that AR activation increases BBB permeability.
We next determined the duration and kinetics of increased BBB permeability after NECA administration. In time course experiments using the maximum effective dose of NECA determined by our dose-response experiments (0.08 mg/kg), we observed that increased barrier permeability following NECA treatment is temporally discrete (Fig. 1C) , with maximum entry of labeled dextran into the CNS between 4 and 6 h posttreatment. These data represent accumulation of FITC-dextran in the brain over time, since the dextran and NECA were administered at t 0 . To determine how much dextran can enter the brain in a discrete period of time after NECA treatment, dextran was administered at different times after NECA administration (Fig.  1 D) . These data represent dextran entry into the brain 90 min after dextran injection. At 8 h post-NECA treatment, detectable levels of dextran in the brain decreased from the maximum and by 18 h post-treatment the levels returned to baseline, as dextrans administered 18 h after NECA treatment were not detectable in the brain at significant levels (Fig. 1 D) . These results demonstrate that intravenous NECA administration results in a temporally discrete period of increased barrier permeability that returns to baseline by 8 -18 h.
A 1 and A 2A AR activation increases BBB permeability As AR activation increases BBB permeability to dextrans in mice, we next determined whether receptors for adenosine are expressed by mouse BECs. Utilizing antibodies and probes against the A 1 and A 2A ARs, we observed expression of both ARs on CD31 costained endothelial cells within the brains of mice by immunofluorescent staining (Fig. 2 A) and fluorescence in situ hybridization (Fig. 2 B) . Importantly, both A 1 and A 2A AR protein expression was detected by Western blot analysis on primary endothelial cells isolated from the brains of mice (Fig. 2C) . Interestingly, the human brain endothelial cell line hCMEC/D3 also expresses both the A 1 and A 2A ARs (Mills et al., 2011) . These data suggest that BECs are capable of directly responding to extracellular adenosine.
To investigate the functional contribution of A 1 and A 2A receptors in AR-mediated changes in BBB permeability, we studied transgenic mice lacking these receptors. Importantly, there were no significant differences in the basal levels of BBB permeability to 10 kDa dextrans between WT, A 1 AR Ϫ/Ϫ and A 2A AR Ϫ/Ϫ mice (Fig. 2 D) (Fig. 2 D) . These data suggest that modulation of BBB permeability is, at least in part, mediated by these two AR subtypes.
To further confirm these results, we used commercially available AR agonists selective for either the A 1 or the A 2A AR. We administered the selective A 1 agonist CCPA and the selective A 2A agonist CGS 21680 to WT mice. Both CGS 21680 (Fig.  2 E) and CCPA (Fig. 2 F) treatment resulted in increased dextran entry into the CNS. While this increase was substantial compared with vehicle treatment, it was significantly lower than that observed after NECA administration (Figs. 2 E, F ) . However, when used in combination, CCPA and CGS 21680 recapitulated the magnitude of the effect of increased dextran entry into the CNS that was observed after NECA treatment (Fig. 2G) . Together, these results suggest that while activation of either the A 1 or A 2A AR on BECs can facilitate entry of molecules into the CNS, activation of both ARs has an additive effect.
The selective A 2A AR agonist Lexiscan increases BBB permeability
To explore the possible therapeutic use of AR agonism to facilitate CNS entry of intravenously administered compounds, we tested a commercially available, FDAapproved AR agonist in our experimental paradigm. The selective A 2A AR agonist Lexiscan, which has been successfully used in myocardial perfusion imaging in humans (Iskandrian et al., 2007) , did indeed increase BBB permeability to 10 kDa dextrans after intravenous administration in mice (Fig. 3A) . Interestingly, dextran was detectable in the brain 5 min following a single Lexiscan injection. Additionally, intravenous administration of Lexiscan also increased BBB permeability in rats (Fig. 3B) . In an injection paradigm intended to mimic continuous infusion of the drug, 3 injections of Lexiscan over 15 min resulted in dramatically high levels of labeleddextran detected in the brains of rats (Fig. 3B) . To examine the duration of Lexiscan's effects on BBB permeability, we deter- mined CNS dextran entry over time in both mice and rats. Following a single intravenous injection of Lexiscan, maximum increased BBB permeability was observed after 30 min and returned to baseline by 180 min post-treatment (Fig. 3C) . Similar results were observed after Lexiscan treatment in rats (Fig. 3D) . Importantly, the duration of the effects on BBB permeability after Lexiscan treatment is much shorter than after NECA treatment, probably due to the different half-lives of the compounds [NECA ϳ5 h, Lexiscan ϳ3 min (Astellas Pharma 2009, Lexiscan: U.S. Physicians Prescribing Information)]. The Ͼ20-fold increase in labeled-dextran in Figure 3B (compared with single injections, Fig. 3D ) may be explained by a synergistic effect conferred on BBB opening as a result of multiple doses of Lexiscan. These results demonstrate that Lexiscan increases BBB permeability to macromolecules.
Antibodies to ␤-amyloid enter the brain after NECA administration Among the most challenging therapeutic agents to get across the BBB are macromolecules, such as antibodies, due to their enormous size. We asked whether AR modulation with NECA can facilitate the entry of antibodies into the CNS. To test this, we used a double [amyloid precursor protein (APP)/ presenilin (PSEN)] transgenic mouse model of AD [strain B6. Cg-Tg(APPswe,PSEN1dE9)85Dbo/J]. These mice accumulate ␤-amyloid (A␤) plaques that are a hallmark of AD (Jankowsky et al., 2004; Mineur et al., 2005) . The monoclonal antibody 6E10 has been shown to significantly reduce A␤ plaque burden in a mouse model of AD when administered by intracerebroventricular injection (Thakker et al., 2009 ). Binding of intravenously injected 6E10 antibody to A␤ plaques was observed throughout the brains of NECA-treated AD mice (Fig. 4 A) , with a concentration of A␤ plaques in the hippocampal region. No binding of intravenously injected 6E10 antibody was observed in AD mice treated with vehicle alone (Fig. 4 B) or in WT mice treated with NECA or vehicle (data not shown). Neither NECA nor vehicle treatment alone affected the ability of AD mice to form A␤ plaques (Fig.  4C,D) . These results demonstrate that intravenously administered antibody to A␤ can cross the BBB following AR agonism and bind CNS A␤ plaques (Fig. 4 E) , most of which are located near blood vessels within the brain (Fig. 4 F, G) . The group that received a single injection was perfused 5 min after injection (10 -15 animals per group). Vehicle-treated mice (V) were perfused 15 min after injection. B, Lexiscan increases BBB permeability in rats. Animals received 3 injections of Lexiscan, 5 min apart, and were perfused 15 min after the initial injection (3-4 animals per group). As a control reference, animals received 1 injection of NECA and were perfused 15 min after injection. Vehicle-treated mice (V) were perfused 15 min after injection. C, Time course of BBB permeability after Lexiscan treatment in mice. Lexiscan (0.05 mg/kg) was administered at time 0 (10 -14 animals per group). D, Time course of BBB permeability after Lexiscan treatment in rats. Lexiscan (0.0005 mg/kg) was administered at time 0 (3-4 animals per group). All experiments were repeated at least twice. *p Յ 0.05, significant differences (Student's t test) from vehicle. Data are mean Ϯ SEM.
AR activation results in decreased transendothelial resistance in cultured mouse BEC monolayers
To determine how AR signaling mediates changes in BBB permeability, we used the preestablished mouse brain endothelial cellline, Bend.3 (Montesano et al., 1990 (Fig. 5A) . Additionally, we observed expression of CD73, an ectoenzyme required for the catalysis of extracellular adenosine from ATP, on these cultured mouse BECs (Fig. 5A) . Importantly, protein expression for the A 1 and A 2A ARs were detected on Bend.3 cells (Fig. 5B) , suggesting that these cells are capable of directly responding to extracellular adenosine.
Decreased TEER in endothelial cell monolayers has been demonstrated to correlate with increased paracellular space between endothelial cells and increased barrier permeability (Wó jciak-Stothard et al., 2001; Dewi et al., 2004) . In Transwell assays with monolayers of cultured mouse BECs (starting absolute TEER mean ϭ 182 ⍀; median ϭ 187 ⍀), we observed decreases in TEER after addition of NECA or Lexiscan, compared with BECs given vehicle or media alone (Fig. 5C ). While AR signaling alters TEER in BECs, we did not observe any alterations in the rate of transcytosis in BECs following AR stimulation. For instance, NECAand Lexiscan-induced AR signaling did not affect the rate of fluorescently labeled albumin uptake in BECs, compared with media-and vehicle-treated controls (Figs. 5D-H ). These results suggest that AR signaling can increase endothelial barrier permeability.
AR activation correlates with actinomyosin stress fiber formation and alterations in tight junctions in BECs
The actin cytoskeleton is vital for the maintenance of cell shape and for endothelial barrier integrity. Since actinomyosin stress fibers induce changes in cell shape (Hotulainen and Lappalainen, 2006; Prasain and Stevens, 2009 ), we hypothesized that AR signaling may induce actinomyosin stress fiber formation in BECs. To test this, we treated BECs with agonists selective for either A 1 or A 2A ARs ( Fig. 5I-P) . We observed marked induction of actinomyosin stress fiber formation upon A 1 AR or A 2A AR agonist treatment ( Fig. 5M-P ) compared with treatment with media or vehicle alone (Figs. 5I-L) . This suggests that activation of ARs induces changes in cytoskeletal elements in BECs to increase barrier permeability.
While AR signaling induces changes in TEER, which is a functional measure of paracellular permeability, and actinomyosin stress fibers, which regulate cell shape, it is important to determine whether AR signaling alters the junctional interactions between BECs. Therefore to determine whether AR signaling alters the tight junction of BECs, we cultured Bend.3 cells to confluent monolayers and determined whether the expression of ZO-1, Claudin-5, or Occludin was altered following AR agonist treatment (Fig. 5Q-Y ) . While confluent Bend.3 cells formed proper tight junctions when grown in media (data not shown) or treated with vehicle (Fig. 5Q,T,W ) , AR agonist treatment induced alterations in tight junction protein expression. For example, Bend.3 cells treated with NECA or Lexiscan had severely diminished Occludin expression (Fig.  5X ,Y ) following treatment with discreet alterations in ZO-1 (Fig.  5 R, S) and Claudin-5 (Fig. 5U,V ) . Overall, these results strongly suggest BEC permeability can be altered by AR signaling through changes tight junction molecule expression.
Discussion
We propose that adenosine, acting through the A 1 or A 2A receptors, can modulate BBB permeability to facilitate the entry of molecules into the CNS. Given that adenosine has a relatively short half-life of Ͻ10 s (Klabunde, 1983) , its role as a physiologic modulator is limited to the local environment in which it is produced. Indeed, the expression of CD73 and ARs on BECs suggests these cells have the ability to respond to extracellular ATP, a well established damage signal (Davalos et al., 2005; Haynes et al., 2006) . Our findings suggest that AR signaling at the BBB on endothelial cells represents a key event in the "sensing" of damage that would necessitate changes in barrier permeability. The absence of elevated levels of extracellular adenosine favors a tight and restrictive barrier. Activation of either the A 1 or A 2A AR temporarily increases BBB permeability, while activation of both receptors results in an additive effect of increased BBB permeability (Fig. 6) . Overall, we propose that BBB permeability mediated through A 1 and A 2A ARs operates as a door where activation opens the door and local adenosine concentration is the key.
While the identification of the A 1 and A 2A ARs as critical mediators of BBB permeability represents the first step toward a molecular mechanism, much work remains to elucidate the specific downstream players that facilitate cellular changes in the endothelial cells. As mentioned earlier, ARs are G-protein coupled receptors, associated with heterotrimeric G-proteins. Several G ␣ subunits have been localized to tight junctions (Denker et al., 1996) . These G ␣ subunits are known to influence the activity of downstream enzymes like RhoA and Rac1 that have been implicated in cytoskeletal remodeling. Indeed, work by other groups suggests that the RhoA and Rac1 small GTPases are responsive to extracellular adenosine signaling and mediate changes in the actin cytoskeleton (Jou et al., 1998 ; Wó jciak-Stothard et al., 2001; Schreibelt et al., 2007) . Additionally, evidence suggests that adenosine affects actin through Rho GTPase (Sohail et al., 2009 ). Importantly, inflammation caused by canonical damage signals like TNF-␣ and thrombin increases BBB permeability by altering tight junctions through cytoskeletal reorganization (Lum and Malik, 1996; Wó jciak-Stothard et al., 1998) . We propose that signaling events initiated by activation of A 1 and A 2A ARs on BECs induce similar cytoskeletal remodeling which, by changing cell shape and/or size, increases the space between endothelial cells and allows greater molecular diffusion. Indeed, adenosine has been shown to affect the barrier properties of other endothelial cells in a similar manner (Lu et al., 2010) . Supporting this, we observed actinomyosin stress fiber formation in BEC monolayers upon A 1 or A 2A AR activation with selective agonists. This strongly correlates AR activation with stress fiber formation. Together with our observations that AR agonists also decrease TEER in BEC monolayers, it suggests that AR modulation, acting through cytoskeletal elements, causes changes in endothelial cell shape that increase barrier permeability. In addition, treatment of cultured BECs with the broad AR agonist NECA and the selective A 2A AR agonist Lexiscan did not significantly change albumin transcytosis when compared with vehicle treatment alone. However, NECA and Lexiscan did alter tight junction adhesion molecule expression (Occludin) on BECs. Future studies will seek to define the molecular mechanisms underlying these events. These studies include elucidating the molecular biology of AR activation on tight junction complex proteins on BEC's permeability both in vivo and in vitro.
There is great need for a safe and effective method to facilitate the entry of drugs across the BBB for treatment of neurological disorders. Current strategies for CNS drug-delivery fall into three broad categories: chemical or physical BBB disruption and drug modification (Pardridge, 2005) . Methods for chemically disrupting the BBB vary. Hypertonic mannitol osmotically shrinks brain endothelial cells, thus increasing BBB permeability and facilitating CNS delivery of chemotherapeutics (Newel et al., 1979) . However, it has been demonstrated that this procedure carries the risk of inducing epileptic seizures (Newel et al., 1983; Marché et al., 2007) . An analog of the vasoactive peptide bradykinin was shown to increase permeability of the blood-tumor barrier (Raymond et al., 1986) , and to some extent the BBB (Borlongan and Emerich, 2003) , and was moderately effective in increasing hydrophilic, but not lipophilic, drug delivery to certain CNS gliomas in rat models Elliott et al., 1996; Matsukado et al., 1996; Emerich et al., 1999) . However, it failed in clinical trials, due possibly to differences between rat models and human patients (Prados et al., 2003) .
Physical disruption of the barrier is the oldest and most invasive method of by-passing a functional BBB. Direct injections into the brain, especially into the ventricles, have been used for years to deliver therapeutics to the CNS (Cook et al., 2009 ). Recently, high-intensity focused ultrasound technologies have been developed that forcefully push therapeutic compounds past the BBB using compression waves (Bradley, 2009) . Still, physically disrupting the BBB remains invasive.
Drugs that do not cross the BBB can sometimes be modified to allow them to cross. The addition of moieties that increase a drug's lipophilicity can increase the likelihood it will cross the BBB, but these additions also render the drug more capable of entering all cell types (Witt et al., 2001) . It is also often the case that the chemical additions themselves significantly increase the size of the drug which counteracts the higher lipophilic profile (Witt et al., 2001) . Another approach involves so-called "vectorbased" technologies in which the drug in attached to a compound known to enter the CNS through receptor-mediated endocytosis. For example, conjugation of neuronal growth factor (NGF) to a monoclonal antibody to the transferrin receptor, expressed on BECs, greatly increased NGF delivery to rat brains (Granholm et al., 1994) . Vector-based delivery technologies suffer from two large drawbacks: (1) the BBB transport ability is limited to receptor expression and (2) endocytotic events are limited in BBB endothelium, a hallmark of its physiology.
Our findings in this study suggest AR signaling represents a novel endogenous mechanism for controlling BBB permeability and a potentially useful alternative to existing CNS drug-delivery technologies. Drugs like Lexiscan, the FDA-approved A 2A AR agonist, which increases BBB permeability and facilitates CNS entry of macromolecules like dextrans, represent a possible pathway toward future therapeutic applications in humans. Interestingly, the duration of increased BBB permeability seems to correlate with the half-life of the AR agonist. For example, the time course of BBB opening and closing after treatment with NECA (half-life ϳ5 h; data not shown) is much longer than the time course after treatment with Lexiscan [half-life ϳ3 min (Astellas Pharma, 2009, Lexiscan: U.S. Physicians Prescribing Information)]. Importantly, our findings suggest this technique could be used for CNS delivery of macromolecular therapeutics like antibodies, which traditionally have been limited in their use in treating neurological diseases because they required invasive delivery technologies (Thakker et al., 2009 ). The authors acknowledge that modulating BBB permeability through AR signaling and allowing temporary CNS access to molecules and compounds in circulation is not a trivial proposition. On-going studies by our laboratory aim to elucidate further the molecular mechanisms involved in changing BBB permeability through AR signaling and to refine this system for delivery of therapeutic compounds into the CNS. Indeed, determining proper timing and control of BBB permeability will be crucial for developing therapeutic strategies based on this discovery. Studies are underway to determine exactly where in the brain microvasculature AR-induced changes in BBB permeability are occurring and whether these processes are local or global in the brain. Nevertheless, the results described here represent a novel and promising alternative to existing CNS drug-delivery paradigms.
